Computational solvent mapping globally samples the surface of target proteins using molecular probes -small molecules or functional groups -to identify potentially favorable binding positions. The method is based on X-ray and NMR screening studies showing that the binding sites of proteins also bind a large variety of fragment-sized molecules. We have developed the multi-stage mapping algorithm FTMap (available as a server at http://ftmap.bu.edu/) based on the fast Fourier transform (FFT) correlation approach. Identifying regions of low free energy rather than individual low energy conformations, FTMap reproduces the available experimental mapping results. Applications to a variety of proteins show that the probes always cluster in important subsites of the binding site, and the amino acid residues that interact with many probes also bind the specific ligands of the protein. The "consensus" sites at which a number of different probes cluster are likely to be "druggable" sites, capable of binding drug-size ligands with high affinity. Due to its sensitivity to conformational changes the method can also be used for comparing the binding sites in different structures of a protein.
Introduction
The binding sites of proteins generally include smaller regions called hot spots that are major contributors to the binding free energy, and hence are crucial to the binding of any ligand at that particular site (1) . In drug design applications such hot spots can be identified by screening for the binding of fragment-sized organic molecules (2) (3) (4) . Since the binding of the small compounds is very weak, it is usually detected by Nuclear Magnetic Resonance (SAR by NMR (3, 4) or by X-ray crystallography (2, (5) (6) (7) (8) methods. Results confirm that the hot spots of proteins bind a variety of small molecules, and that the fraction of the "probe" molecules binding to a particular site predicts the potential importance of the site and can be considered a measure of druggability (3, 4) .
Solvent mapping has been developed as a computational analogue of the NMR and X-ray based screening experiments (1) . The method places molecular probes -small organic molecules containing various functional groups -on a dense grid defined around the protein, finds favorable positions using empirical free energy functions, further refines the selected poses by free energy minimization, clusters the low energy conformations, and ranks the clusters on the basis of the average free energy (10) . To determine the hot spots, we find consensus sites, i.e., regions on the protein where clusters of different probes overlap, and rank these sites in terms of the number of overlapping probe clusters (10) . This principle is illustrated by the schematic figure (Fig. 1) for the case of mapping a protein with only two probes (represented as green circles and oranges hexagons, respectively), each forming a few clusters on the protein surface.
While the clusters overlap in the main consensus site, the distributions of different probes may slightly differ, resulting in the arrangement shown in Fig. 1c . Thus, in principle the mapping can identify both the "hot spots" of the binding site and the functional groups that tend to bind at specific locations within it. The consensus site, binding the largest number of probe clusters, is considered the main hot spot (10, 11) . The number of probe clusters at a particular consensus site (CS) correlates with the importance of that site for binding (12) . The main hot spot and other hot spots within a 7 Å radius predict a site that can potentially bind drug-size ligands. These results can be used for the prediction of binding sites, and helped to better understand the principles that govern the weakly specific binding of small molecules to functional sites of proteins (13) (14) (15) (16) (17) .
We have developed the multi-stage mapping algorithm FTMap (10), based on the fast Fourier transform (FFT) correlation approach. FTMap performs all steps of the mapping algorithm, and is available as a server at http://ftmap.bu.edu/).
Software Requirements
This method requires a molecular viewer for preparation of crystal structures for mapping and analysis of results. This chapter assumes that PyMol (http://pymol.org), an Open Source molecular viewer available on Windows, Mac OS X, and Linux, will be used. Additionally, an Internet connection and web browser are required to use the various servers throughout the method.
Methods

Finding a Protein Structure
Computational solvent mapping techniques rely on the user to provide the 3-D structure of the protein. The vast majority of published structures of proteins can be found in the Protein Data Bank (PDB) in the PDB format. The simplest way to find a structure is by searching the PDB website (http://www.pdb.org) for the name of the protein. The PDB also provides an "Advanced Search", where a sequence can be searched against the PDB using BLAST (Figure 2 ). The search by name relies on authors titling their structure, paper, or chains in the protein with the same name a user uses in their search. Thus, it can often be advantageous to use the sequencebased search.
For many proteins, there will be more than one structure in the PDB. In general, the FTMap server produces better results from a high-resolution unbound crystal structure. Having ligands in the binding site often influences the shape of the site, sometimes disturbing the ability to detect hot spots. An initial search on the PDB website can be refined by whether the structure has ligands along with the experimental method ( Figure 3) . Additionally, the query results can be sorted by resolution. Note though that the PDB classifies many structures as having ligands even if they are unbound. If a structure has an innate metal ion, or if cryoprotectants such as glycerol are seen, the structure will be labeled as having a ligand, despite not having a ligand in the binding site of interest.
Server Submission
The FTMap server is available for free use by academics at http://ftmap.bu.edu . After creating an account, you can submit jobs as shown in Figure 4 . If you are using a structure from the pdb, you can specify the pdb id and the chains. Note that HETATM records within the pdb file are automatically stripped out. There are no parameters for the majority of HETATMs from the PDB on the server. The server does contain parameters for many common metals though, such as iron, magnesium, and zinc. If you want to include these, you should specify them as a chain by the letter 'H' for HETATM, followed by the residue name, followed by the chain id. In If a protein has been prepared as a pdb file for mapping, as in preparing a single domain of a multi-domain protein (see Note 2), this file can be uploaded by clicking on Upload PDB in the interface. The chains can be specified as described above.
If you created a masking file (see Note 3), it may be uploaded under Advanced Options.
Lastly, to look for binding sites in a protein-protein interaction site, a special PPI mode that has been incorporated into the FTMap server.
After submitting a protein through the server, you should wait for an e-mail informing you of job completion. Depending on the load on the server, a job can take from 2 hours to a full day.
Analysis of Results
After a job completes, three files will be available for download, a pdb file containing the mapping, and two text files with counts of nonbonded and hydrogen-bonded interactions to each residue on the protein ( Figure 5 ).
Analysis of Mapping
The pdb containing the mapping is specially formatted to be split into multiple objects when loaded into PyMol. Additionally, it is recommended to place the following code into a pymol startup file. This code should be placed file named pymolrc.py in your home directory on Windows (C:\Users\USERNAME\) or a file named .pymolrc in your home directory on Mac OS X (/Users/USERNAME/) or Linux (/home/USERNAME/). These functions allow you to easily color clusters by rank, disable and enable clusters, and rename the objects loaded in from an When the mapping is opened in PyMol, several objects are created. The protein submitted for mapping is labeled "protein". The individual crossclusters from mapping are labeled "crosscluster.rank.population.pdb". Each crosscluster represents a location where multiple different probe types clustered with a 4 Å radius. These locations are the hot spots for binding.
In looking for a druggable pocket, there should be a large population crosscluster (population greater than 10) with several nearby crossclusters of lower population. An example in Figure 6a is the mapping of PDB 1w50, an apo structure of β-secretase. The largest crosscluster, with population 19, is seen in a pocket surrounded by a variety of other crossclusters. Drug-like molecules have been developed for β-secretase, such as the one shown in Figure 6b , a submicromolar inhibitor (18) that uses the hot spots defined by mapping.
If in analyzing the mapping, the majority of the results are going into an area between two structural domains rather than a well-defined pocket, the protein should be separated into the individual structural domains to be mapped independently (see Note 2) . If the consensus site is in the location of a tightly bound coenzyme, but other druggable sites are desired, a masking file should be created to eliminate results in the region around the coenzyme (see Note 3).
Analysis of Contacts
While visual examination of the mapping provides a large amount of information that can be used for structural design of a molecule, analysis of the provided lists of hydrogen-bonded and nonbonded contacts made by probes in mapping can provide additional information on specific residues to target. These files have 4 columns, with the first three columns identifying the residue index, chain, and residue type. The fourth column contains the number of hydrogenbond or nonbonded contacts the top 2000 results for each of the probes in mapping formed with a particular residue. The file can be sorted on this column using UNIX tools, as shown in Figure   7 , on Mac OS X or Linux, or may be imported into a spreadsheet program such as Microsoft Excel to be sorted. In Figure 7 , the results for the mapping of PDB 1w50, an apo β-secretase, are shown. The top two residues for hydrogen bonds are ASP 228 and ASP 32. These residues were found to form hydrogen bonds to a large number of fragments by Astex Therapeutics (19) . The top two residues for nonbonded contacts are Phe108 and Leu30, which are used by the bulk of the submicromolar inhibitor shown in Figure 6b . The top hydrogen-bond and nonbonded contacts can provide information of use in structure-based drug design.
Notes
1. Many structures in the PDB have multiple copies of a protein in a structure. Frequently crystals will have multiple copies of a protein in an asymmetric unit, resulting in multiple chains with the same sequence. If using a structure solved by NMR, a number of models will be reported. In either case, there are multiple different structures of the same protein. All these structures submitted to the server, and the structure with the largest consensus site population, that is the sum of the populations of crossclusters in the binding site, should be chosen for analysis after mapping.
2. The FTMap algorithm works best on single domains of proteins. If a protein has multiple domains, each domain should be mapped and analyzed independently. The PDB website provides access to three different methods for determination of protein domains, SCOP, CATH, and PFAM on the "Derived Data" tab for a structure. This data relies on outside groups to update the data, so it frequently is not available for the newest PDB structures, but both CATH and PFAM can be searched by sequence to assign domains by similarity to previously evaluated PDB structures. Figure 8 shows the derived data for PDB 1efv. Each method assigned two domains to chain A of the structure and a single domain to chain B. If you are interested in mapping chain B, then you can proceed with the mapping, but if you are interested in chain A, the structure should be split into separate domains. The PDB does not provide information on where the breaks between these domains occur. This information must be obtained from the domain assignment servers.
CATH and PFAM have pages for each PDB on their servers, showing the boundaries in the sequence between the domains as shown in Figures 9b and 9c . SCOP is provides this information in their "SCOP parseable file" named dir.des.scop.txt . This file can be searched using your favorite text editor, or using grep on UNIX-like systems as shown in Figure 9a .
While the three domain assignments disagree on the exact domain boundary, they agree to within a couple residues. FTMap will not be sensitive to which exact assignment you use give or take a couple residues.
To submit the domains of chain A separately to FTMap, PDB files of the individual domains must be prepared. The simplest method for this is using PyMol. Once PyMol has been launched, a specific protein from the PDB can be loaded via Plugin->PDB Loader Service (Figure 10a) .
To see the sequence of this protein, the user should click on the S in the lower right hand corner of the viewer (Figure 10b) . Portions of the sequence can then be "selected" by clicking on the sequence above the protein. In Figure 10c , residues 20-204 of 1efv have been selected, creating a selection object called "sele". This is shown on the protein as a large number of dots, which can be seen to cover one structural domain of the protein. Finally, the structure of the selected sequence can be saved by going to File->Save Molecule… and then selecting "sele" in the dialog (Figure 10d ). This can be repeated for each structural domain.
3. Many proteins have strong binding sites that bind coenzymes, but developers of molecules would rather their molecule bind elsewhereThis is the case, for example, with kinase inhibitors that bind outside the ATP binding site. FTMap is able to mask a region of a protein from mapping. That is, it will prevent probes from going into that region of the protein. FTMap uses a masking file in the PDB format of the coordinates of residues on the protein where you don't want the probes to bind. These files can be prepared using PyMol. First, load your protein via the PDB Loader Service as shown in Figure 10a . In Figure 11 , we develop a mask for the ATP binding site of PDB 3A99. Right-clicking on the ATP analogue in the site brings up a menu where the analogue can be selected by choosing residue->select (Figure 11a ). Once the selection has been created, the selection can be expanded to the atoms near the analogue by right clicking on the selection and choosing actions->around->atoms within 8A (Figure 11b) . This selection can then be saved by File->Save Molecule… as shown in Figure 10d . 
